Despite the interest in MXenes in the last decade, all of the MXenes reported have a random mixture of surface terminations (-O, -OH, -F). In addition, restacked 3D films have turbostratic disorder and often contain ions, solvent, and other species in between their layers. Here we report Y 2 CF 2 , a layered crystal with a unit cell isostructural to a MXene, in which layers are capped only by fluoride anions. We directly synthesize the 3D crystal through a high-temperature solid-state reaction, which affords the 3D crystal in high yield and purity and ensures that only fluoride ions terminate the layers.
Introduction
Research into layered and 2D metal carbides such as MXenes has rapidly grown 1 due to their remarkable properties and applications in electronic, 2,3 sensing, 4,5 and energy storage devices. [6] [7] [8] Despite the interest in MXenes in the last decade, all of the MXenes reported have a random mixture of surface terminations (-O, -OH, -F), which complicates their study and use. The presence of multiple surface terminations on MXene sheets owes to their synthesis, which involves etching a MAX (M = metal; A = Al, Ga, Si, In; and X = C, N) phase with aqueous HF. 9 Further complicating their study, restacked 3D films of MXenes have turbostratic disorder 10, 11 and often contain ions, solvent, and other species in between their layers.
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Given the general interest in MXenes, it is remarkable that no pure (i.e. no -O, -OH), transition metal carbide fluoride has been reported. Of the transition metals, only Y, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Sc, 14, [24] [25] [26] [27] [28] Zr, 14, 29, 30 and W 31 have been studied as pure metal carbide halides, and none as fluorides, leaving a large void in our knowledge of ternary phase diagrams. Our efforts in this work are to synthesize the first transition metal carbide fluoride, and to highlight a largely unexplored class of compositions that may find utility in optoelectronics.
Here we report Y 2 CF 2 , a layered crystal with a unit cell isostructural to a 2D MXene, in which layers are capped only by fluoride anions. Relatively strong electrostatic interactions bind the layers together into a 3D crystal. Therefore, we consider Y 2 CF 2 as a pure 3D crystalline stack of MXene-like sheets. Instead of the etching approach, we describe an alternative synthetic method. We directly synthesize the 3D crystal through a high-temperature solid-state reaction in the absence of air and water. The synthesis affords the 3D crystal in high yield and purity and ensures that only fluoride ions terminate the layers. This allows us to identify several useful properties of Y 2 CF 2 : an indirect band gap at 1.6 eV, a direct band gap at 1.9 eV, a small ionization potential of 3.8 eV, and modest charge transport properties, with an electron effective mass of 2.0 and a hole effective mass of 4.0. Perhaps most usefully, the realization of 3D crystalline MXenes will enable a comparison to their 2D MXene counterparts to better understand the influence of disorder and surfaces on their optoelectronic properties.
Experimental section
The synthesis of Y 2 CF 2 Y 2 CF 2 was synthesized by the solid state reaction of YF 3 (Sigma Aldrich, granules, 0.09% oxygen, <0.02% Cd, Co, Cr, Fe, Hg, Mn, Pb each) with Y metal (Alfa Aesar, ∼40 mesh powder, 99.6% (REO)) and graphite (Sigma Aldrich, ∼100 mesh flakes, 99.9%). The reagents were ground into a very fine powder in a stoichiometric ratio (total mass of a typical batch: 0.5-1.0 g) and pressed into a pellet under ∼0.56 GPa of pressure using a hydraulic press. The pellet was placed into an ampoule made of tantalum (Ta) metal welded closed at one side.
A cap, also made of Ta, was hammered into the ampoule and sealed in argon by welding the cap and ampoule together with an electric arc. The Ta tubing, 99.95% Ta seamless tubing, was purchased from Eagle Alloys in a 1 cm diameter and cut to 5 cm lengths. The caps were made of the same Ta. After welding the reagents inside a Ta ampoule, the Ta ampoule was sealed in a fused quartz ampoule under 1 mbar Ar. Then the ampoule was placed in a Lindberg Blue M tube furnace to 1513 K at a ramp rate of 10 K/min. The temperature was held at 1513 K for 3 days, then cooled to 1273 K over 10 hrs, then cooled to 1073 K over 5 hrs, and cooled to room temperature over 5 hours. The ampoule was then brought into the glovebox and opened with a pipe cutter. The pellet remained intact through the reaction.
Vibrant green crystals grew on the surface of the pellet. The pellet revealed homogenous green crystals throughout when broken apart. For some experiments, samples were ballmilled for 15 minutes to reduce particle size. All materials were stored in a glovebox with an argon atmosphere (oxygen < 0.01 ppm) and all synthetic steps were carried out under an argon atmosphere.
Material characterization
Samples were maintained under an inert atmosphere during transport and loading procedures, unless otherwise stated. Powdered samples of Y 2 CF 2 were characterized by X-ray diffraction at room temperature in a capillary transmission geometry across a range of 20-
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• using Cu Kα (λ = 1.54056Å) in a Rigaku Smartlab diffractometer. A reference scan was run with silicon (a = 5.430Å) as an internal standard. The peaks were not corrected as the height of the sample was already correct. The patterns were indexed using Treor
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implemented in the Match! software. 33 The patterns were refined using the PDXL software from Rigaku. 34 Thin films were characterized by XPS using a Kratos Axis Ultra Delay-Line Detector (DLD) spectrometer with monochromatic Al Kα source. For these measurements, the powder was pressed into indium substrates. High resolution XPS data was collected at a pass energy of 20 eV, and a charge neutralizer was used for charge compensation. All data was corrected to the C 1s peak at 284.6 eV. The samples were imaged using a Hitachi S-4700 cold cathode field emission SEM at an accelerating voltage of 2 kV with an Oxford EDS detector. An accelerating voltage of 20 kV was used for EDS measurements. Samples were loaded onto the SEM sample holders in the glovebox and transported to the instrument under inert atmosphere, however, the samples were exposed to air for a few seconds during the transfer into the air lock of the instrument. UV-Vis spectroscopy was performed in a transmission geometry through thin (∼0.5mm-thick) discs made of mixtures of Y 2 CF 2 and KBr. The Y 2 CF 2 powder was diluted with spectroscopic grade KBr and ground very finely in a ball mill. The mixture was ground until homogenous, then pressed into discs using a hydraulic press. The background due to scattering from KBr was subtracted by pressing a number of films of KBr of varying thickness to estimate its effective attenuation as a function of thickness and subtracting a weighted fraction from the acquired spectra. All discs appeared red, not green. The spectra were collected using a Cary 5000 UV-Vis spectrometer with the DRA-2500 internal integrating sphere accessory. Results and discussion
Synthesis and crystal structure
We combined yttrium, carbon, and fluorine in a stoichiometry of Y 2 CF 2 at 1240
• C in sealed tantalum ampoules according to the following reaction:
The product is a pellet of beautiful green crystals ( Figure 1a ) that easily grinds into a powder ( Figure 1b) . Unfortunately, the synthesized crystals were too small and intergrown to perform single crystal X-ray diffraction measurements. Therefore, we combined two independent approaches to determine the crystal structure.
First, we performed powder X-ray diffraction experiments of the product and obtained a diffraction pattern (Figure 1c ), which indexed as a trigonal crystal structure with space group P3m1-D 3d . Then, we refined the pattern by the Rietveld method 43 ( Table 1 ). The analysis confirms that the trigonal space group P3m1 is a good fit, with lattice constants a=3.6651 (3)Å and c = 6.29697 (7)Å at room temperature ( Figure 1c , Table 1 ).
Independently, we used an evolutionary search algorithm, USPEX, 44 to explore the sta- bility of crystal structures for the composition Y 2 CF 2 computationally. The algorithm computes the enthalpy of hundreds of candidate crystal structures and uses similarities in bond distances, coordination, symmetry, and a number of other identifiers to find the most stable phase for a given composition. Using the algorithm, we found that the P3m1 structure is the most enthalpically favorable phase for the composition Y 2 CF 2 , in agreement with our diffraction experiments. This structure is more stable than the second-most stable structure by 46 meV/atom. We then performed a geometry optimization calculation using the PBEsol 37 functional to calculate the lattice constants. We calculated constants very close to the experimental value (1.6% shorter in a and 0.8% shorter in c, Figure 2b ).
We also note that many yttrium compounds are isostructural to gadolinium and holmium Crystal structure, bonding polyhedral, and lattice constants for Y 2 CF 2 . The crystal structure and lattice constants obtained independently from two methods: 1) experimental synthesis and Rietveld refinement of X-ray diffraction data and 2) USPEX, a DFT-based search algorithm to find the most stable crystal structure for a given composition. After using USPEX to identify the structure, the structure was optimized using the PBEsol functional as described in the computational experimental section. (6) opposite layer at an only slightly elongated distance (2.447Å)( Table 2 ). This suggests that the interlayer bonding is relatively strong (as strong as the Y-F bonds) and highly ionic in 
Composition and purity
We sought to confirm the composition of our sample, as some metal carbides can sustain a variety of non-stoichiometric compositions. We used energy-dispersive X-ray spectroscopy (EDS) to quantify the amount of yttrium and fluorine ( Figure S2 ) and measured a ratio of 1:0.98 ± 0.05 Y:F in agreement with the stoichiometry of Y 2 CF 2 . These results also agree with the refinement from powder X-ray measurements, which yielded an occupancy of 1.00
± 0.01 and 1.00 ± 0.06 for yttrium and fluorine respectively in each of their 2d sites (Table   1) . Unfortunately, our EDS instrument does not quantify carbon reliably because the signal is obscured by electronic noise. Therefore, we quantified carbon by refining the occupancy of the 1a (carbon) site during the Rietveld refinement, which revealed that only 93 ± 3 % of carbon sites are occupied. We conclude that the composition Y 2 CF 2 represents the synthesized phase, though the real structure has carbon vacancies, Y 2 C 0.93 F 2 .
Electronic structure of Y 2 CF 2
To investigate the effect of interlayer ionic bonding on the electronic structure of stacked MXene sheets, we examined the material's optoelectronic properties using both experiment and computation. For all of the DFT calculations of the electronic structure, we used the HSE06 hybrid functional, 41 which we selected because of its suitability for estimating band gaps.
First, we performed transmission measurements to measure the absorption coefficient ( Figure S4a ). We observe a gradual increase in absorption beginning at ∼775 nm (1.6 eV), which we attribute to the band gap. The absorption increases and plateaus from 400-550
nm at a magnitude of 3.4 × 10 4 cm −1 . The absorption coefficient peaks at 340 nm and again at 240 nm, though the peak at 240 is obscured by the onset of attenuation of our quartz substrate. As shown in figure 4b, our model calculates a gradual increase in absorption beginning at 700 nm (1.7 eV), in excellent agreement with our experimental measurements.
The absorption coefficient plateaus from 375-450 nm at a magnitude of 3.4 × 10 4 cm −1 , nearly identical to our experiment. Finally, the model predicts peaks at 300 nm and 210 nm, redshifted only 40 nm from our experimental data.
Next, we performed specular-reflectance measurements on single facets of individual Y 2 CF 2 crystals ( Figure S4 ) using a microspectrophotometer. To obtain a representative spectrum, we averaged the spectra from individual crystallites together (Figure 4c ). The representative spectrum has a peak at 540 nm, corresponding to yellow-green light. To compare with our model of the electronic structure, we calculated the reflectivity for the bulk Y 2 CF 2 (Figure 4d ), which shows a single broad peak at 500 nm, again redshifted only 40 nm from experiment. We do note that the intensity of the reflection in the experiment is roughly 50% larger than that in the computation. While the calculation provides qualitative information, the calculation does not consider all of the complexity of the real system-chemical differences at the surface, an interface with a changing dielectric, or the convolution of reflection and absorption events. Therefore, we attribute the difference in magnitude to these factors. Despite this difference, the model reproduces the major feature of the experiment very well. Therefore, the ionic bonding between MXene sheets effectively insulates the sheets from one another electronically, which will give rise to highly anisotropic optoelectronic properties.
Because of the excellent agreement between theory and experiment, we present the optical constants (Figure 4g ), n and k, calculated by DFT using the HSE06 functional with confidence that the energy-dependence of the optical constants and that the magnitude of k represent the synthesized Y 2 CF 2 . Due to the difference in magnitude between experiment and theory we are less confident in the magnitude of n.
This electronic structure also explains an observation about the perceived color of Y 2 CF 2 .
When we ground the green crystals (Figure 4g ) in a glovebox in the absence of air or water, the material transforms into a red powder shown in Figure 4i . By examining the electronic structure, we conclude that the initially perceived green color is due to specular reflection of green light from flat crystalline surfaces, as evidenced by the peak in reflection at 540 nm in Figure 4c . By grinding the crystals into small particles, we destroy the flat surfaces and the specular reflection of green light. Once ground, absorption, originating from the band gap at 775 nm, dominates the apparent color of the material. To test this hypothesis, we ball milled the crystals to a fine powder with a particle size qualitatively determined as less than 5 μm ( Figure S6 ). We confirmed, via pXRD, that the crystal structure is preserved after ball milling ( Figure S7 ). Then we measured the reflectance of the finely ground sample using a microspectrophotometer ( Figure S8 ). We found that the peak at 540 nm, observed for the green crystals, was not present in the ball-milled sample.
Sensitivity to oxygen
This understanding of Y 2 CF 2 's electronic structure also led us to understand its sensitivity to oxygen and water. We removed samples of crystalline, green Y 2 CF 2 from the glovebox, exposing the crystals to air and water for one month. After two weeks, the once-green crystals appeared red ( Figure S9 ). Examining the crystals in the microspectrophotometer in reflectance mode, we found that the peak in reflectance at 540 nm corresponding to the green color was not present. Instead, we observe rainbow-striping ( Figure S11 ) and periodic oscillating signals in the reflectance spectra ( Figure S11 ), which are indicative of thin-film optical interference. The formation of a thin-film on the surface of many semiconductors is commonly caused by a slow reaction with air or water, which forms a thin oxide coating.
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Therefore, we suspected that Y 2 CF 2 in air develops a thin film of an oxide or related species.
To test whether the Y 2 CF 2 crystals react with oxygen or water, we performed X-ray photoemission spectroscopy (XPS) on crystals exposed to air for 1 week and on crystals kept in the glovebox. We examined the yttrium 3d, carbon 1s, fluorine 1s, and carbon 1s core electron binding energies (Table 3 ). For the sample exposed to air for 1 week, we observed a single peak at a binding energy of 684.8 eV (Figure 5a ) corresponding to the F 1s core binding energy, in agreement with the binding energy of fluoride. 58 However, the Y:F ratio measured through XPS quantitative analysis is 2.0:1, suggesting a deficiency of fluorine at the surface. In the Y 3d spectrum we observe a doublet with a binding energy of 157.7 eV (Figure 5c ). The position of this peak matches that of yttrium carbonate (Y 2 C 3 O 9 )
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and is too high to be the expected Y 2+ oxidation state (∼156 eV). 61, 62 In addition, the spectrum of the carbon 1s core (Figure 5b ) reveals two distinct peaks, one centered at 284.6 eV, which is adventitious carbon and one centered at 289.4 eV, which matches that of a carbonate (Figure 5b) . 60, 63 Moreover, through quantitative XPS analysis, we measure the ratio of Y:O to be 1.0:2.1, which can only be explained by a carbonate, not Y 2 O 3 or YOF.
Therefore, the data suggest the surface of the sample exposed to air has oxidized, at least partially, to Y 2 C 3 O 9 .
Figure 5: X-ray photoemission spectra from Y 2 CF 2 exposed to air for 1 week for the a) fluorine 1s, b) carbon 1s, c) yttrium 3d core electron binding energies. d) The spectrum for carbon 1s core electrons from air-exposed Y 2 CF 2 after sputtering. Spectra from Y 2 CF 2 kept in a glovebox for the e) yttrium 3d and carbon 1s core electron binding energies.
We attempted to clean the surface of the air-exposed sample by argon ion sputtering.
Both the oxygen 1s and carbon 1s (Figure 5d ) signals decrease in intensity relative to the yttrium. The Y:O ratio decreases to 1:1.2. This suggests that the oxidation is a surface effect. For additional support of that hypothesis, we performed XRD measurements on the samples exposed to air ( Figure S10 ). We found the crystal structure remained intact after exposure to air for 1-4 weeks, which supports the conclusion that the oxidation affects the surface and not the bulk of the sample.
For the sample kept in a glovebox, the sample was briefly exposed to air during the transfer into the XPS instrument. We attempted this measurement multiple times and found that the sample is prone to charging. Here, we present the data from the experiment that showed the least charging. The F 1s spectrum (Figure 5d ) has a single peak at 684.4
eV similar to that of the air-exposed sample (Table 3) . We attribute the small tail at higher binding energies in the F 1s spectrum to this charging. The carbon 1s spectrum (Figure 5e) shows one main peak, which we attribute to adventitious carbon (Table 3 ) and which we used to reference the data. Referencing to any other carbon peak yields unreasonable values for the other peaks in other spectra. In addition to the adventitious carbon, we observe a peak at a very low binding energy (279.6 eV). (Figure 5f ). One contribution is from a reduced form of yttrium with a binding energy of 155.3 eV, and a second contribution is from an oxidized form of yttrium at 157.6
eV that matches that of the air-exposed sample. A reduced form of yttrium is consistent with our understanding of Y 2 CF 2 , in which we expect the Y adopts a 2+ oxidation state.
The second contribution is broadened compared to the air-exposed sample possibly due to the small amount of charging present during the collection of data. Therefore, we conclude that the surface of Y 2 CF 2 oxidizes quickly during the brief transfer of the sample into the instrument and that the oxidation affects the reduced yttrium and carbidic carbon at the surface. Unfortunately, Ar-ion sputtering the surface seemed to damage the sample and only resulted in broadened peaks and more charging.
We return to the electronic structure to understand why Y 2 CF 2 oxidizes in air. We place the band edges of Y 2 CF 2 on an absolute scale along with the reduction potentials of oxygen and water, which are likely redox couples. We combined several measurements and calculations to place the band edges: DFT calculations gave the valence band edge ( Figure   6a ) and band gaps (Figure 4b ,e), which are supported by our spectroscopic measurements (Figure 4a ). The valence band edge is at a higher potential than the reduction potentials of oxygen and water, which explains why the material oxidizes. We gain further understanding of its reactivity through analysis of the partial density of states (PDOS), deconstructed into the elemental compositions and angular momentum (Figure 6c-e) . The valence band consists of Y 4d and C 2p states. The C 2p states lie at high energies, and therefore can be readily donated. The diagram suggests electrons can be donated to oxygen, producing hydroxide. If this initial oxidation is not self-limiting, more highly oxidized products may form, such as yttrium carbonate. This mechanism is consistent with the XPS observations of fast partial oxidation to an oxide or hydroxide after a brief exposure to air and a subsequent slow oxidation to a more oxidized form. In general, MXenes have been considered stable in air and water; however, growing evidence reveals that MXenes decompose over the course of a few days to a few weeks.
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For example, Ti 3 C 2 (-O, -OH, -F) decomposes to form TiO 2 in the presence of oxygen 64, 70 and water. 67, 69 In fact, the etching synthetic method, which uses strong oxidants like HF, in air, the crystalline 3D MXene reported here is intrinsically oxygen-free, unlike the 2D
MXenes reported so far. It therefore provides a pristine material against which changes in surface composition and surface properties can be detected. In addition, if this pristine 3D MXene can be exfolaited in water-free or oxygen-free conditions, it may also yield an unoxidized, pristine 2D MXene.
Conclusion
We have synthesized Y 2 CF 2 , a crystalline, 3D stack of MXene-like sheets capped exclusively by fluorine. Instead of the etching approach, we introduce a new synthetic method to directly synthesize the 3D crystal through a high-temperature solid-state reaction that ensures that only fluoride ions terminate the layers. Unlike MXenes, ionic bonds hold layers together.
Interestingly, because the fluorine orbitals contribute to neither the valence band nor conduction band, the fluorine layers electrically isolate the yttrium carbide layers from each other.
This imparts to the 3D crystal 2D-like electronic transport, and supports an understanding of these materials as a crystalline stack of 2D MXenes.The valence band edge, made of Y 4d and C 2p states, sits at a high potential, affording reducing character, which makes the crystal sensitive to air, but also suggests that the crystal could be useful as low work function electron emitters 77 or catalysts, 78, 79 in addition to applications in electronic, 2,3 sensing, 4, 5 and energy storage. 
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